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ABSTRACT: The Indian monsoon is an important component of Earth’s climate system, accurate forecasting of its mean
rainfall being essential for regional food and water security. Accurate measurement of rainfall is essential for various
water-related applications, the evaluation of numerical models and detection and attribution of trends, but a variety of different
gridded rainfall datasets are available for these purposes. In this study, six gridded rainfall datasets are compared against the
India Meteorological Department (IMD) gridded rainfall dataset, chosen as the most representative of the observed system
due to its high gauge density. The datasets comprise those based solely on rain gauge observations and those merging rain
gauge data with satellite-derived products. Various skill metrics and subjective comparisons are carried out for the Indian
region during the southwest monsoon season (June–September). Relative biases and skill metrics are documented at all-India
and subregional scales. In the gauge-based (land-only) category, Asian Precipitation – Highly-Resolved Observational Data
Integration Towards Evaluation of water resources (APHRODITE) and Global Precipitation Climatology Center (GPCC)
datasets perform better relative to the others in terms of a variety of skill metrics. In the merged category, the Global
Precipitation Climatology Project (GPCP) dataset is shown to perform better than the Climate Prediction Center Merged
Analysis of Precipitation (CMAP) for the Indian monsoon in terms of various metrics, when compared with the IMD gridded
data. Most of the datasets have difficulties in representing rainfall over orographic regions including the Western Ghats
mountains, in Northeast India and the Himalayan foothills. The wide range of skill metrics seen among the datasets and
even the change of sign of bias found in some years are causes of concern. This uncertainty between datasets is largest in
Northeast India. These results will help those studying the Indian monsoon region to select an appropriate dataset depending
on their application and focus of research.
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1. Introduction
The South Asian monsoon is one of the major compo-
nents of Earth’s climate system contributing towards vari-
ability of the global water cycle (Trenberth et al., 2000).
Accurate estimation and prediction of the South Asian
summer monsoon rainfall are crucial for many societal
applications. In the last decade, with the advancement
of computational capabilities, data assimilation and bet-
ter model parameterization schemes, the skill of numerical
models of weather and climate has improved considerably
(Slingo and Palmer, 2011; Turner et al., 2011; Hoskins,
2013; Mitra et al., 2013a). However, a commensurate skill
improvement has not been fully realized for the tropical
monsoons. Simulation and prediction of the South Asian
monsoon by numerical models are challenging scientific
*Correspondence to: A. K. Mitra, NCMRWF, ESSO, MoES, A–50,
Sector-62, Noida 201309, India. E-mail: ashis.mitra@nic.in
issues for the global modelling community (Sperber et al.,
2013). Owing to large biases in models for the monsoon
region, realistic future climate change projection of the
South Asian monsoon rainfall is still uncertain (Turner and
Annamalai, 2012). Evaluation of model rainfall provides
vital feedback for further model development. Evaluation
of model outputs against observations is also crucial for a
wide range of applications (Ebert et al., 2007; Sorooshian
et al., 2011; Collins et al., 2013).
Indian summer monsoon rainfall is at the heart of the
South Asian monsoon system. Reliable in situ rainfall
observations are available over India for a long period, in
many areas dating back to the 19th century. Indian rain-
fall associated with the southwest monsoon is unique in
terms of its spatial and temporal variability. This com-
plex variability is associated with varied land types, moun-
tains and monsoon flow patterns. Availability of rainfall
data has enabled preparation of gridded rainfall datasets
at various spatial resolutions and temporal scales by
© 2014 Royal Meteorological Society
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Table 1. Summary of the gridded rainfall datasets used.
Data Full name Spatial/temporal
resolution
Input data sources Key reference
IMD India Meteorological Department
gridded rainfall data
0.5∘/daily Rain gauges Rajeevan and Bhate (2009)
GPCP Global Precipitation Climatology
Project Version 2.2
2.5∘/monthly IR and MW satellite
observations, rain gauges
Adler et al. (2003)
CMAP Climate Prediction Center (CPC)
Merged Analysis of Precipitation
Version 1201
2.5∘/monthly IR and MW satellite
observations, rain gauges
Xie and Arkin (1996)
CPC Climate Prediction Center Unified
Rain gauge data Version 1.0
0.25∘/daily Rain gauges Xie et al. (2007)
APHRO Asian
Precipitation – Highly-Resolved
Observational Data Integration
Towards Evaluation of water
resources Version 1101R2
Monsoon Asia
0.5∘/daily Rain gauges Yatagai et al. (2012)
CRU Climate Research Unit Version
3.10.01
0.5∘/monthly Rain gauges Harris et al. (2014)
GPCC Global Precipitation Climatology
Center Full Data Reanalysis
Version 6
1∘/monthly Rain gauges, SYNOP and
CLIMAT reports
Schneider et al. (2014)
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Figure 1. Spatial distributions of mean seasonal rainfall during the JJAS southwest monsoon averaged for the period 1979–2005. All-India mean
values are given in the parentheses.
different research groups worldwide. As a result, a variety
of global or regionally restricted gridded rainfall data are
now easily available for research studies. Ground-based
observations such as rain gauges and radars essentially
provide accurate measurement of rainfall at the specific
location. However, their uneven distributions over unpop-
ulated regions and sampling issues, e.g. point observa-
tions from rain gauges, limit their wide applicability. On
the other hand, merged rainfall products provide spatially
complete distributions of rainfall covering both land and
oceans. Some of the gridded rainfall products are available
over land only (from rain gauges) and some others feature
a blend of gauges with satellite-based estimates providing
gridded rainfall data over both land and oceans, popularly
known as merged products (Kidd and Levizzani, 2011;
Sorooshian et al., 2011; Kucera et al., 2013). However,
© 2014 Royal Meteorological Society Int. J. Climatol. (2014)
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Figure 2. Spatial distributions of mean bias with respect to IMD rain gauge data during the JJAS southwest monsoon averaged for the period
1979–2005. All-India mean values are given in the parentheses.
the choice of the best rainfall data among these available
datasets is again very important for specific applications,
model validation and model development.
In this study, we perform a large-scale comparison of
two merged and four rain gauge-based (land-only) rainfall
products over India with the India Meteorological Depart-
ment (IMD) rain gauge-derived gridded rainfall data for
the southwest monsoon season (June–September). The
comparison is done for seasonal mean measures over a
27-year period starting from the onset of the satellite era
in 1979–2005. This also coincides with the Atmospheric
Model Intercomparison Project (AMIP) period commonly
used in general circulation model (GCM) studies. Except
for the IMD data, all six datasets are available over the
entire South Asian monsoon region. The intercomparison
is aimed at finding out the relative skill of each dataset
over the Indian monsoon region when compared with
IMD gridded observations. The results will be useful for
the monsoon rainfall data users for various applications
and model development research.
2. Data and methods
We used seven rainfall datasets in this study for a 27-year
period spanning 1979–2005. The summary of different
rainfall products, including their names and versions used,
native spatial resolutions, the major sources of input data
type that comprise each product with respective references
are given in Table 1. The updated IMD gridded rainfall
at 0.5∘ latitude/longitude is used as reference data to val-
idate all other rainfall datasets described below (Rajeevan
and Bhate, 2009). The IMD gridded rainfall data use a
dense network of rain gauges over India (more than 3000)
and well represents known large-scale monsoon features.
Compared to other datasets used here, IMD has the max-
imum number of gauges used in its gridded product since
the other datasets obtain gauge information from subsets
of the IMD network.
2.1. Merged products
The latest versions of two merged gridded rainfall prod-
ucts namely, the Global Precipitation Climatology Project
(GPCP; Adler et al., 2003) version 2.2 and Climate Pre-
diction Center (CPC) Merged Analysis of Precipitation
(CMAP; Xie and Arkin, 1996) version 1201 available
since 1979 are used in this study. These two global
rainfall products combine multisatellite and rain gauge
observations and have similar temporal and spatial cov-
erage. Both products are produced by different merging
techniques and use partly different types of input data.
The GPCP dataset includes inputs from the Special Sen-
sor Microwave/Imager (SSM/I) emission and scattering
© 2014 Royal Meteorological Society Int. J. Climatol. (2014)
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Figure 3. Spatial distributions of temporal correlation coefficient of each data set with the IMD data during the JJAS southwest monsoon averaged
for the period 1979–2005. Pattern correlation values are given in the parentheses.
data, Geostationary Operational Environmental Satellites
(GOES) Precipitation Index (GPI), Outgoing Longwave
Radiation (OLR) Precipitation Index (OPI) data, Televi-
sion and Infrared Observation Satellite (TIROS) Oper-
ational Vertical Sounder (TOVS), Atmospheric Infrared
Sounder (AIRS) data and rain gauge observations. CMAP
includes only the SSM/I data, infrared-based GPI and OPI
data and Microwave Sounding Units (MSU) data along
with gauge information.
2.2. Gauge-only products
Four gridded rain gauge-based land-only rainfall products
are used for this evaluation. Firstly, CPC Unified daily
rain gauge data (Xie et al., 2007) version 1.0 available
since 1979 is produced to create a suite of unified pre-
cipitation products by combining all information sources
available at CPC, NOAA, USA. This rainfall product uses
around 30 000 global rain gauge observations. Secondly,
the Asian Precipitation – Highly-Resolved Observational
Data Integration Towards Evaluation of water resources
(APHRODITE) version 1101R2 for Monsoon Asia (Yata-
gai et al., 2012) is prepared at the daily scale through
an international cooperative program by collecting and
analysing thousands of Asian rain gauge observations in
addition to those reporting to the World Meteorological
Organization (WMO) Global Telecommunication System
(GTS). The technique used for the preparation of this
dataset is similar to the technique used by Xie et al. (2007)
for the production of CPC data. However, APHRODITE
has better collection of gauge measurements from the
South Asian region including India. Thirdly, the updated
Climate Research Unit (CRU) version 3.10.01 rainfall data
are prepared from monthly observations at meteorologi-
cal stations across the global land areas. The CRU dataset
provides anomalies from a 1961 to 1990 mean and allow
absolute monthly values to be obtained when combined
with the climatology (Harris et al., 2014). Finally, the most
recent version of the Global Precipitation Climatology
Center (GPCC) Full Data Reanalysis version 6 (Schnei-
der et al., 2014) comprises precipitation data on a monthly
basis from a variety of sources such as WMO GTS,
synoptic weather reports (SYNOP) and monthly climate
reports (CLIMAT). It may be noted that some datasets
have many common input satellite and gauge information
(Table 1).
For comparison purposes, in this study we resample each
rainfall dataset to 1∘ latitude/longitude resolution using
bi-linear interpolation technique and take the seasonal
(JJAS) mean. We perform visual geographical verification
and time-series analysis over India.
© 2014 Royal Meteorological Society Int. J. Climatol. (2014)
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Figure 4. Spatial distributions of anomaly correlation coefficient of each data set with the IMD data during the JJAS southwest monsoon averaged
for the period 1979–2005. All-India mean values are given in the parentheses.
Figure 5. Spatial distributions of RMSEwith respect to IMD rain gauge data during the JJAS southwest monsoon averaged for the period 1979–2005.
All-India mean values are given in the parentheses.
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Figure 6. Interannual variations of standardized JJAS AISMR anomaly.
3. Results and discussions
3.1. Spatial distributions of error over India
In this section, we present the spatial distributions of mean
monsoon rainfall and various skill metrics against IMD
gridded data for the study period over India. Figure 1
shows the mean seasonal rainfall over India from all seven
datasets. The large-scale patterns of the monsoon rainfall
such as heavier orographic rainfall along the Western
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Figure 7. Interannual variations of correlation coefficient, bias and RMSE in JJAS AISMR with respect to IMD rain gauge data.
Ghats mountains and in Northeast India, and lower rainfall
over the northwest desert region and rain-shadow region
of Southeast Peninsular India is qualitatively captured by
all the rainfall products. However, quantitative compar-
isons reveal some differences among them. The all-India
mean rainfall values shown in Figure 1 reveal that, except
for GPCP and GPCC, the four remaining rainfall datasets
show lower values compared to observed IMD rainfall.
Both the merged rainfall products GPCP and CMAP show
less rainfall along the Western Ghats mountain region and
higher amounts over Northwest India. In CMAP, the north-
east part of India shows relatively lower values. In the
merged product category, overall GPCP performs better
than CMAP in comparison with IMD data. Better perfor-
mance of GPCP over CMAP in the tropical regions is also
reported by Yin et al. (2004). Over the Western Ghats,
all gauge-only datasets show higher and more realistic
rainfall amounts compared to the merged data prod-
ucts. All the gauge-only datasets exhibit lower values
over extreme Northern India covering Jammu & Kash-
mir (J&K) region when compared to the IMD reference
observations. These facts are again confirmed in Figure 2
showing the spatial distributions of bias with respect to
IMD. The overestimation of rainfall along the monsoon
trough region (central India) and underestimation along
the Western Ghats mountain region and the foothills of
the Himalayas by both the merged products are evident.
© 2014 Royal Meteorological Society Int. J. Climatol. (2014)
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Figure 8. Scatter plots of JJAS AISMR between IMD rain gauge data and other rainfall products for the period 1979–2005. Dashed black line
represents 1 : 1 best-fit line and correlation coefficient (r), slope, bias and RMSE are given in each plot.
The all-India average bias (values shown in parentheses
in Figure 2) of GPCP is smaller compared to CMAP.
However, both the merged products will be superior in
regions where gauge data are very rare. The gauge-only
(land) datasets also show smaller biases compared to
merged data. GPCC shows the lowest bias in the aver-
age all-India value. However, GPCC notably overesti-
mates rainfall along the Western Ghats and in Northeast
India by about 5mmday−1 when compared to IMD rain-
fall data. These are relatively high mountain regions, and
it is possible that the interpolation and calibration algo-
rithms could contribute to these higher values. Even the
mountain regions of Northeast India show high biases in
gauge-only datasets. Excluding mountain regions (consid-
ering plains only), all four gauge-only datasets compare
well over India.
Now, we discuss various metrics of statistical skill such
as correlation coefficient (CC), anomaly correlation coef-
ficient (ACC) and root mean square error (RMSE). The
definitions of these commonmetrics are described in detail
by Stanski et al. (1989). The spatial distributions of CC,
ACC and RMSE with respect to observed rainfall data for
the same period over India are presented in Figures 3–5,
respectively. The corresponding all-India values are given
in parenthesis in each plot. In Figure 3, the single value
in parenthesis represents the pattern correlation with
respect to IMD dataset. Pattern correlation measures
the association between two distinct rainfall datasets in
the representation of large-scale patterns (Sperber et al.,
2013). The ACC score (Figure 4) is used to assess the skill
of a particular dataset in terms of its capability in captur-
ing the anomalous monsoon seasons seen in interannual
variations over the study period. Between the two merged
products, GPCP noticeably shows a higher correlation and
pattern correlation than CMAP. In addition, GPCP has
higher ACC and lower RMSE compared to CMAP. There-
fore, between the merged datasets, GPCP seems to be
superior. However, along the Western Ghats, both merged
datasets show lower correlations and higher RMSE, which
are consistent with higher biases from both datasets as
shown in Figure 2. In particularly, CMAP has very high
RMSE values over Northeast India. Other mountain
regions of J&K and the Himalayas also show low corre-
lation values in both the merged products. The pockets of
negative ACC in CMAP are of concern, indicating in some
cases, the anomalies of interannual variation of monsoon
rainfall. Among the four gauge-only rainfall products,
higher CC and ACC are seen over most parts of the coun-
try in GPCC and APHRODITE. Both APHRODITE and
GPCC show the largest pattern correlations of 0.91 among
the six rainfall products. Lower correlations are seen over
Northeastern India and J&K in all four gauge-only prod-
ucts. CPC and CRU show rather lower correlations with
IMD gridded observations over Eastern India, a region
© 2014 Royal Meteorological Society Int. J. Climatol. (2014)
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Figure 9. (a) Cross-correlation coefficients of AISMR among seven rain-
fall products and (b) Taylor diagram showing the comparison of JJAS
AISMR from six rainfall products against IMD gauge-based data.
where a lot of monsoon low-pressure systems contribute
to the total rainfall of the season (Krishnamurthy and
Ajayamohan, 2010). Both CPC and CRU also show low
correlations near the foothills of the Himalayas. Along
the Western Ghats, all four gauge-only datasets have
good CC and ACC, which was not seen in the merged
datasets. In terms of RMSE, all three gauge-only datasets
except GPCC show lower values over the Western Ghats
mountain region. This suggests that either the gauge
density used in the merged products is not high enough
in the Western Ghats, or that the satellite algorithms
behave poorly over narrow orography. The lower RMSE
of CPC, CRU and APHRODITE over such orographic
regions is not seen in the merged datasets, GPCP and
CMAP. The lowest RMSE and the higher CC and ACC of
APHRODITE and GPCC (except for the Western Ghats)
products over India suggest that APHRODITE and GPCC
aremore reliable over India among the gauge-only datasets
in comparison to the reference IMD gridded rainfall.
3.2. Comparison at the all-India scale
In this section, the comparison of six gridded rainfall prod-
ucts with the reference IMD observed data is performed
at the country-wide scale for the period 1979–2005. The
mean rainfall from June to September over India is consid-
ered as all-India summer monsoon rainfall (AISMR). The
standardized anomaly of AISMR during each year from
these rainfall products is shown as a time-series in Figure 6.
This anomaly is computed against the respective means
of each dataset. In most of the years, the interannual vari-
ability of monsoon rainfall is reasonably well captured by
all rainfall products. However, during certain years (1983,
1984, 1989 and 1999) CPC and CMAP products show a
noticeable difference from the other products including
errors of sign. APHRODITE shows a negative anomaly
in 2005, whereas the other rainfall datasets show positive
anomaly. The interannual variations of the skill metrics
(CC, bias and RMSE) of AISMR from the six rainfall
products with respect to the IMD gridded reference data
are shown in Figure 7. The bias plot shows a systematic
overestimation of rainfall by GPCC and GPCP data. More-
over, CPC, APHRODITE, CRU and CMAP systematically
underestimate AISMR compared to IMD. The lowest bias
in AISMR is evident in the GPCP data. CMAP has the
lowest CC and the largest RMSE. Among the gauge-only
data, GPCC and APHRODITE have higher CC and lower
RMSE than the others. The wide range of CC, bias (and
even difference of sign) and RMSE are points of concern
in selecting a particular dataset.
Figure 8 shows a scatter plot of monsoon rainfall
from the IMD gridded reference data and six other rain-
fall datasets compared at each grid point over India.
The single value of correlation coefficient (r), slope, bias
(percentage with respect to mean IMD gridded data) and
RMSE (percentage with respect to mean IMD gridded
data) shown in each panel of Figure 8 indicates the overall
(all-India) skill of each dataset. Comparing the twomerged
datasets, GPCP shows better scores than CMAP. Among
the gauge-only datasets, APHRODITE and GPCC are the
two best performers in terms of these skill metrics against
the IMD gridded data. Both GPCC and APHRODITE
show the largest correlation of 0.86, but RMSE is lower
in APHRODITE than GPCC. For CPC, both the bias and
RMSE are the highest among the land-only products.
However, GPCC overestimates monsoon rainfall over
India whereas APHRODITE systematically underesti-
mates rainfall in comparison with the IMD gridded data.
In order to compare all seven rainfall products used in
this study, the cross-correlation values for the AISMR for
the 27-year period are shown in Figure 9(a). It is shown
that the correlation among the seven different datasets
lies in the range of 0.62–0.96. GPCC is highly correlated
with APHRODITE on interannual time scales. GPCC and
APHRODITE also have higher correlations with the IMD
gridded rainfall data. In addition, the merged datasets,
GPCP and CMAP, have very good correlations with each
other, reflecting some of the common satellite and gauge
sources used by these two datasets. It is also useful to
examine the correlation of the datasets along with their
respective variability in terms of standard deviations and
RMSEs. Figure 9(b) shows the popular Taylor diagram
(Taylor, 2001) presenting the correlations simultaneously
with the RMSE and standard deviations of AISMR. Even
© 2014 Royal Meteorological Society Int. J. Climatol. (2014)
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Figure 10. (a) Bias and (b) correlation coefficient of AISMR in different rainfall datasets at monthly scale over 1979–2005 for the southwest
monsoon season.
Figure 11. Coefficient of variation (%; shaded) of rainfall and orography
(metres; dashed contours) for the Indian monsoon region. The four
subregions of India shown by box 1, 2, 3 and 4 used for detailed analysis
and have reference to Figures 12, 13 and 15.
if the correlations are good, the wide range of standard
deviations is a cause of concern. The Taylor diagram
clearly shows APHRODITE and GPCC to be the best
performers in terms of all-India interannual variability,
with each underestimating and overestimating interannual
variability, respectively, relative to the IMD reference
observations.
After examining the skill at seasonal scale, we enquire
which month(s) within the monsoon season contribute
maximum to the overall seasonal performance. Figure 10
shows the biases and correlations of different datasets
against IMD gridded data for different months within the
monsoon season. The skill at monthly scale from the
different datasets is similar to the seasonal skills. However,
as the rainfall amounts are higher during the two peak
monsoon months of July and August, the biases are also
seen to be proportionately higher. Overall, this suggests
that there is consistent performance of the various datasets
throughout the season.
3.3. Comparison at the subregional scale
In this section, the Indian monsoon rainfall is compared at
a subregional scale. We selected four subregions of India
(Figure 11) for the analysis based on spatial rainfall homo-
geneity and topography characteristics. Figure 11 shows
the height of mountains (dashed contours). The colour
shades show the subseasonal coefficient of variation of
rainfall in percentage with respect to mean monsoon
values. The choice of subseasonal variability from daily
merged gridded rainfall data (Mitra et al., 2009) helps in
deciding distinct rainfall regions. The four selected regions
are unique in terms of variations in rainfall and orography,
and hence are good test-beds for the evaluation of any rain-
fall product. Region 1 comprises highly complex orogra-
phy with large east–west gradients of the monsoon rainfall
on both sides of the Western Ghats mountain region. The
windward side receives very heavy rainfall, whereas the
leeward side gets low rainfall during the monsoon season
(Figure 1). This region also includes the dry rain-shadow
area over Southeast Peninsular India. As we compare
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Figure 12. Regional variations of JJAS correlation coefficient, slope, bias and RMSE of the seasonal monsoon rainfall for the period of 1979–2005.
different rainfall datasets at larger spatial resolution (1∘
latitude/longitude), the contrasting rainfall regions of
Southeast Peninsular India are taken as one subregion. In
region 2, Northwest India receives comparatively lower
rainfall during the southwest monsoon season as it is a
semi-arid region (containing the Thar desert) but with high
rainfall variability. Region 3 contains the northern plains
of the Ganges basin and receives reasonably high rainfall
due to the presence of the monsoon trough and passage
of low-pressure systems and monsoon depressions orig-
inating in the Bay of Bengal. Region 4 (northeast India)
is a hilly region and receives very heavy rainfall during
the summer monsoon period. The different error statistics
including CC, slope, bias and RMSE in the monsoon rain-
fall over the above four subregions are shown in Figure 12.
The lowest CC and the largest RMSE of the six rainfall
datasets when compared with the IMD gridded data are
found over the region 4, suggesting that users of these
products need to exercise the most caution when assessing
the monsoon rainfall over Northeast India. However,
GPCP shows higher CC and slope than CMAP over all
four subregions. Among the four gauge-only products,
GPCC and APHRODITE show similar and higher CC
than the other datasets over regions 1, 2 and 3. However,
APHRODITE shows higher CC than GPCC over region
4. The change of sign seen in biases for regions 2 and 3
is again a reason of concern on the choice of a particular
dataset.
Figure 13 presents the standardized anomaly (from their
respective means) of the domain-mean seasonal monsoon
rainfall for the four subregions. The regions of high and
low seasonal rainfall are well captured by all the rainfall
datasets for regions 1, 2, and 3, whereas there is notable
disagreement among the rainfall products over region
4 in Northeast India. Region 4 is known for very high
convective rainfall associated with complex orography
and rainfall processes of the monsoon system. In terms
of the monsoon flow, both at lower and upper levels, this
region is significant, containing deep convective clouds.
Satellite estimates of rainfall in this environment have
less reliability due to ambient atmospheric conditions
(Adler et al., 2003). Additionally, it is also true that region
4 has fewer rain gauges due to the difficult terrain. All
these factors combined may be contributing to the higher
uncertainty in region 4.
Figure 14 shows the biases and correlations in differ-
ent datasets with respect to varying orography. It is seen
that the biases in rainfall increase significantly in regions
with orography exceeding 1000-m height. The interannual
variations of differences (bias) in the six rainfall datasets
with respect to the IMD gridded data over the four subre-
gions are presented in Figure 15. For all regions, we notice
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Figure 13. Interannual variations of standardized anomaly of seasonal rainfall during the JJAS southwest monsoon.
a wide range of biases over the study period. It is also
noticed that the sign of bias varies from one dataset to the
other over different regions during certain years. Among
the merged datasets, GPCP has the least bias overall for the
four regions. Even though GPCC and APHRODITE show
smaller biases, their signs of bias are seen to be opposite
in regions 1, 3 and 4.
4. Conclusions
Indian summer monsoon rainfall and its variability is a
scientifically interesting and crucial parameter for various
hydrometeorological applications, evaluation of numerical
models and their development and for studies of climate
change. In this study, two merged gridded rainfall prod-
ucts (GPCP and CMAP) and four gauge-based land-only
rainfall products (CPC, APHRODITE, CRU and GPCC)
were compared with the IMD 0.5∘ gridded rainfall dataset
based on a dense network of gauges all at a common 1∘ lat-
itude/longitude resolution. Various skill metrics including
bias, CC, ACC and RMSE, and subjective comparisons
were carried out over the Indian land region for 27 summer
monsoon seasons (1979–2005). In the merged category,
in general, GPCP was seen to be better than CMAP
for representing the Indian monsoon rainfall whereas in
gauge-only category, APHRODITE and GPCC performed
better compared to other datasets. These results rely on our
assumptions that the IMD gridded data most accurately
characterizes the Indian monsoon rainfall. APHRODITE
and GPCC were highly correlated with each other over the
Indian monsoon region. However, most of the datasets had
difficulties in representing orographic rainfall particularly
over the Western Ghats Mountains, in Northeast India and
in the Himalayan foothills. Additional gauges over these
difficult mountainous regions will be highly beneficial.
Additionally, the wide range of skill metrics seen among
the datasets and even the change of sign of the bias found
in some years are causes of concern in terms of uncertainty
in choosing an appropriate dataset for inputs to models or
model evaluation. The comparison at subregional scales
showed that even though all the rainfall datasets were
able to capture the interannual variability reasonably
well, there were considerable regional differences among
them in terms of bias and other skill metrics. Each of the
datasets studied has its own strengths and deficiencies.
The skill of merged products could possibly be enhanced
by putting more number of gauges.
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Figure 14. (a) Bias and (b) correlation coefficient of monsoon rainfall from six datasets with respect to IMD gauge-based product for different
altitude ranges.
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Figure 15. Interannual variations of bias with respect to IMD rain gauge data during the JJAS southwest monsoon for the period 1979–2005.
Domain-mean values are given in each plot.
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These results will help monsoon data users to select
an appropriate dataset depending on their application.
This analysis suggests the importance of continued eval-
uation and production of improved rainfall datasets for
the monsoon (Mitra et al., 2013b). It may be possible to
combine multisatellite estimates and gauge information
from the South Asia, like IMD and APHRODITE/GPCC,
to prepare a comprehensive dataset at monthly/seasonal
scale. A suitable combination of available datasets for a
multianalysis-based consensus dataset could also be supe-
rior to any individual dataset (Adler et al., 2009; Tian and
Peters-Lidard, 2010). We hope that the uncertainty for oro-
graphic regions will be taken care in upcoming datasets
by recent satellite estimates from the Global Precipitation
Mission (GPM) and use of more gauge data.
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